Abstract. The Red River (Vietnam) is a good example of a South-East Asian river system, strongly 17 affected by climate and human activities. This study aims to quantify the spatial and seasonal 18 variability of carbon dynamic and CO 2 outgassing at the water-air interface of the lower Red River 19 system. The monitoring of water quality and CO 2 emission were carried out for 24h cyclings at the five 20 stations during the dry and monsoon seasons. The riverine water pCO 2 was supersaturated with CO 2 in 21 contrast to the atmospheric equilibrium (400 ppm), averaging about 1588.6 ± 884.6 ppm, thus resulting 22 in a water-air CO 2 flux of 26.9 ± 18.4 mmol m -2 day -1 . The CO 2 outgassing rate was characterized by 23 significant spatial variations, highest at Hoa Binh station (Da River) due to the dam impoundment and 24 the highest river flow. Surprisingly, CO 2 outgassing was higher in the day time ( 2 day -1 ), due to higher river discharges and higher external inputs of organic matters from watersheds. 29
The water-air CO 2 fluxes from the equilibrator measurement at each site were calculated by 155 the formula proposed by Raymond and Cole (2011) as followings: 156 F Equi = k 600 *  * (pCO 2 water -pCO 2 air) Eq. (1) 157 Where F was the CO 2 flux from water (µmol m -2 s -1 ) and converted in mmol m -2 d -1 ; 158 k 600, was gas transfer velocity of CO 2 or piston velocity (cm h -1 ), and was calculated according to a 159 wind speed function (k vs. U 10 ). K 600 was calculated using the equation from Raymond and Cole 160 (2001) , which developed from a data set of different estuaries and rivers as follow: 161 k 600 = 1.91 × exp(0.35 × U 10 ) × (Sc / 600) -0.5
Eq. (2) 162
Where U 10 was the wind speed (m s -1 ) at 10 m height above the surface water (was calculate 163 from the wind speed (m s -1 ) at 2 m height, ("Appendix 8.6-Wind Speed Calculations" 2010); and Sc 164 was the Schmidt number, normalized to Schmidt number of 600 (Cole and Caraco, 1998) . 165  was the solubility coefficient of CO 2 for given temperature and salinity (Weiss, 1974) Table 2 ). The mean values were the highest for the Yen Bai station (70.1 %) in the wet period, 227 and 69.5 % for the Ba Lat station in the dry period. The lowest values were observed at the Hoa Binh 228 station in both periods (55.0 % in the wet period, 51.4% in the dry period) (Table 2, Fig. 2) . 229
Salinity at the four upstream sites was under the detection limit both in the rainy and dry 230
seasons , but in the estuary downstream river at the Ba Lat station, values up to 8.75 were measured 231 during the dry season (Table 2) . The wind speed ranged from 0.2±0.3 to 3.1±1.5 m s -1 , and the highest value occurred in the 241 dry season at Ba Lat. The results showed a clear variation in wind speed between day and night, with 242 the higher values during the day time for all stations (Table 3) . 243
Carbon concentrations of the lower Red River 244
During the two sampling campaigns, DOC concentration ranged from 0.5 to 4.6 mgC L pCO 2 along the lower Red River (Vietnam) in the dry and monsoon seasons were determined by two 257 methods: i) direct measurements using an equilibrator connected to an IRGA, ii) calculated from pH 258 and alkalinity using the CO 2 -SYS ® software. The direct measurements gave higher values than the 259 calculated (Table 2) , but the values of two methods were well correlated (R 2 = 0.76, Fig. 3 ). This result 260
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is opposite to what was observed in organic-rich freshwater (Abril et al., 2015) or in estuarine 261 mangrove waters (Leopold et al., 2017) , where large overestimation of the calculated pCO 2 was 262 observed. The higher calculated values compared to direct measurements were related to a more 263 significant contribution of organic acids anions to total alkalinity in waters with low carbonate 264 alkalinity and high DOC concentrations, and to a lower buffering capacity of the carbonate system at 265 low pH (Abril et al., 2015) . However along the Red River, pH values remained around 8 and DOC 266 concentrations were lower than 2 mg L -1 (Table 2) , which may explain for the lower calculated pCO 2 267 values (Table 2) . Thus, in this study, we used the results of the measured pCO 2 for the discussion and 268 to determine the CO 2 emissions from the lower Red River to the atmosphere (Fig. 4) . 269 270 3.4. Daily variations of pCO 2 and CO 2 emissions 271
The riverine water pCO 2 was supersaturated with CO 2 in contrast to the atmospheric equilibrium (400 272 ppm), averaging 1,588.6 ± 884.6 ppm. In general, the results did not show a clear variation in pCO 2 273 between the day and night at all stations, except higher values at the night time in the dry season at the 274 Ba Lat site ( Fig. 4 ). Previous studies revealed that photosynthesis of 277 phytoplankton may have a strong influence on circadian variation of CO 2 outgassing, since this process 278 consumes CO 2 during the day (Linn and Doran, 1984; Cole et al., 2000) . However, in the present study, 279 very low Chl-a concentrations were measured, from 0.5 to 3.1 µg L -1 , probably as a result of the high 280 turbidity limiting light penetration in the water column. Thus, phytoplankton activity had a low 281 influence on C dynamic in the lower Red River system. 282
In the present study, water temperature was slightly higher in the day time than in the night 283 time (around 0.1 -0.5 ºC) (Table 2) , and positive correlations between temperature and CO 2 flux was 284 observed at Hoa Binh and Yen Bai station (R 2 = 0.72 and 0.84, respectively). Water temperature could 285 alter the riverine pCO 2 value. Previous studies indicated that CO 2 water solubility decreases with the 286 temperature increase during the day (Parkin and Kaspar, 2003; Roulet et al., 1997) , leading to higher 287 CO 2 outgassing from river water interface. This effect was observed for some rivers in the world 288 (Roulet et al., 1997; Guasch et al., 1998; Dornblaser and Striegl, 2013) . However for the Ba Lat site, 289 CO 2 fluxes were higher during the day but it was not always the case for pCO 2 , suggesting that another 290 factors may be responsible for these results. The other parameter that differed during the night and day 291 was the wind speed which was higher during the day (Table 3 ). Previous studies suggested that the 292 large changes of CO 2 fluxes observed between the day and night can be caused not only by biological 293 cycle but also mainly by daily wind patterns (Hamilton et al., 1994) . Small changes in wind pattern 294 may modify the direction and magnitude of the CO 2 flux during the day-night cycle (Sellers et al., 295 1995) . Our results were in agreement with some reports for rivers in tropical region (e.g. the Shark 296 River in USA (Ho et al., 2016) ), which emphasised the influence of strong diurnal signal in wind speed 297 leading to higher k values in the day time than in night time (Rey et al., 2012; Ho et al., 2016 Different explanations were given for the day-night variation of pCO 2 and CO 2 flux for 299 aquatic ecosystems in the world. Ho et al. (2016) found higher CO 2 flux in the Shark River (USA) 300 during the day than at night was due to the strong diurnal signal in u10. Similar results have also been 301 reported for the Yangtze River Delta (China) (Xu et al., 2017) . Roulet et al. (1997) reported that CO 2 302 flux in some ponds in Canada were always higher during the day because of higher water 303 temperature. Higher CO 2 concentrations in day time were also observed for the two second-order 304
Mediterranean streams: Riera Major, a siliceous shaded stream and La Solana, a calcareous open 305 stream where changes in CO 2 concentration was greatly influenced by stream metabolism (Guasch et 306 al., 1998) . However, average CO 2 outgassing during the night higher than during day by up to 1.8 times 307
was also observed for the Alpine streams, where temperature and hydrology were major drivers of 308 pCO 2 dynamics (Peter et al., 2014) . CO 2 increased in the night time with the values of 6-46% higher 309 than the day time values during each 24-h period have been described by Sellers et al. (1995) for the 310 lake Northwest Ontario, Canada. Thus, it is possible that the contrast between day and night time 311
concentrations being a consequence of specific features of the measuring sites (Wang et al., 2010) . (Table 3 , Fig. 4 ). During the monsoon season, the river discharges were 320 about 2 to 3 times higher at all the sites (Table 1) . As known in tropical regions, the wet season usually 321 experienced higher pCO 2 than the dry season because of the intense rainfall that induces higher OM 322 inputs into the river. This process was observed in some subtropical rivers: the Longchuan River (Li et 323 al., 2012) and the Xijiang River (Yao et al., 2007) , with pCO 2 values increasing significantly when 324 baseflow and interflow increased, and flushed significant amount of carbon into the streams. In 325 addition, it was suggested a link between the seasonal variation in soil CO 2 content and riverine CO 2 326 outgassing due to porewater export (Hope et al., 2004; Melack et al., 2009; Rudorff et al., 2011) . Thus 327 the higher pCO 2 values observed along the lower Red River during the rainy season may reflect the 328 influence of soil organic matter inputs to the riverine water column, evidenced by the higher values of 329 DOC and POC in the rainy seasons at all the sites. 330
331
In addition, seasonal variation of temperature may also explain the seasonal variability of 332 pCO 2 values of the Red River, being higher during the hot rainy season. Some authors suggested that 333 higher water temperatures in wet season in tropical regions were responsible for increased pCO 2 and 334 higher CO 2 emissions towards the atmosphere (Chanda et al., 2013; Takahashi et al., 2002) . Dessert et 335 al., (2003) suggested that higher temperature should induce higher weathering rates, leading to higher 336 Biogeosciences Discuss., https://doi.org/10.5194/bg-2017-505 Manuscript under review for journal Biogeosciences Discussion started: 13 December 2017 c Author(s) 2017. CC BY 4.0 License. DIC export. This effect was not only observed in tropical rivers but also in mixed mangrove forest in 337
India (Chanda et al., 2013) , or in the Southern Ocean (Nomura et al., 2014) . Increase in temperature 338 decreases CO 2 solubility but increase OM decomposition processes, which produce CO 2 . This may 339 partly explain the higher pCO 2 of the Red River during the hot rainy season. However, direct 340 relationship between temperature and pCO 2 during the rainy season was not evident, probably because 341 riverine inputs were the dominant factor driving pCO 2 , while during the dry season pCO 2 clearly 342 increased with temperature, suggesting that metabolic rate controlled pCO 2 when adjacent soils inputs 343 are limited (Fig. 5) . 344 three sub-basins and delta area, as observed in other systems (Yao et al., 2007; Li et al., 2012) . Our 374 results showed that within the 3 upstream sites studied, the highest pCO 2 values were always measured 375 in the Da River at Hoa Binh site, where river discharges were the highest (2,189 ± 39 m 3 s -1 in wet 376
season and 868 ± 319 m 3 s -1 in dry season), whereas the lowest pCO 2 were measured at the Yen Bai 377 station of the Thao River, where river discharges were the lowest (840 ± 68 m 3 s -1 in wet season and 378 260 ± 18 m 3 s -1 in dry season) ( Table 1 and Table 2 ). Figure 7 showed the increased trend of both pCO 2 379 and fCO 2 when river discharge increased in both rainy and dry seasons for the lower Red River. 380
Differences in geomorphological characteristics between the upstream and downstream parts 381 of the lower Red River may be another reason responsible for the variability of pCO 2 observed among 382 the five stations. As presented above, the upstream part of the Red River is located in mountainous 383 areas, where chemical and mechanical erosion are among the world highest (500 mm per 1,000 years) 384 (Meybeck et al., 1989) , whereas the downstream part is located in a very flat and low land, with an 385 elevation ranging from 0.4 to 12 m above sea level (Nguyen Ngoc Sinh et al., 1995) . Regarding the Ba 386
Lat site, which is situated in the Red River estuary and thus in a very low and flat land, pCO 2 values 387 were lower than in Hanoi. It is interesting to observe that the river water discharge at Hanoi site (3,296 388 ± 86 and 1,915 ± 149 m 3 s -1 ) was about 3 times higher than the one at Ba Lat (1,269 ± 93 and 453 ± 31 389 m 3 s -1 ) in both wet and dry seasons respectively (Table 1) , whereas higher pCO 2 values were measured 390 during the dry season in Hanoi than in Ba Lat (1,150 and 800 ppm, respectively), but during the rainy 391
season the values were close, i.e. around 1,450 ppm. We think that dilution by seawater may lead to a 392 reduction of riverine surface water pCO 2 , especially in the dry season when the river flow was lower. 393
The higher salinity values measured at Ba Lat site in the dry season (3.6) than in the wet season (0.2) 394 may confirm our suggestion that tidal action influenced at Ba Lat site in the Red River estuary. This 395 result is consistent with previous observations in the Changjiang River estuary (Chen et al., 2008; Bai 396 et al., 2015) or in the Pearl River Estuary (Semiletov et al., 2004; Delille, 2006; Zemmelink et al., 397 2006) . 398 
Conclusions 432 433
This work presented the estimates of CO 2 emissions at the water-air interface at the 5 sites along the 434 lower Red River system in the dry and rainy seasons. The riverine water pCO 2 was supersaturated with 435 CO 2 in contrast to the atmospheric equilibrium (400 ppm), averaging about 1,588.6 ± 884.6 ppm, thus 436 resulting in a mean water-air CO 2 flux of 26.9 ± 18.4 mmol m -2 day -1 from the lower Red River system. 437
The CO 2 outgassing rate from the water surface Red River network was characterized by significant 438 spatial variations, being the highest at the Hoa Binh dam downstream and in the main axe at Hanoi 439 station. The highest value obtained at Hoa Binh site may reflect the important impact of a series of 440 large dams (Son La, Hoa Binh) in the Da river, but also the high water discharge, whereas the high 441 pCO 2 value in Hanoi may reflect the influence of population density, notably through the release of 442 elevated amount of organic carbon into the river. The monsoon season resulted in an increased amount 443 of OM inputs from adjacent soil, and combined to an increase of temperature, led to higher pCO 2 444 values. During the dry season, temperature appeared to be the main factor controlling pCO 2 . Regarding 445 CO 2 evasion, differences appearred between the day and night in both dry and rainy seasons at almost 446 all sites with higher values found in the day time (30.4 ± 21.2 mmol m -2 day -1 ) than in the night time 447 (23.3 ± 15.4 mmol m -2 day -1 ). This result was related to the combined higher wind speed and higher 448 temperatures during the day. Consequently, this study evidenced that CO 2 dynamic along the lower 449 Red River was controlled by both anthropogenic activities (dam, urban effluents), and natural 450 meteorological-hydrological characteristics (rainfall-river discharge and temperature). Table 1 . Average values of river water discharge at five hydrological stations of the Red River in 2014 717 Table 3 . Wind speed, k 600 parameterization, and calculated water-air CO 2 fluxes for day and night at 720 five hydrological stations of the Red River in dry and wet seasons in 2014. 721 Table 4 . Summary of the statistical analysis at Hanoi station with the environmental variables. 722 
